Additional index words. Mangifera indica, cell wall, fatty acid, physiological disorder, starch granule Abstract. Green mango (Mangifera indica L.) 'Nam Doc Mai See Thong' fruit were dipped in 2-chloroethylphosphonic acid solution (50 ppm) for 5 minutes, kept at 25 8C for 3 days, cold stored at 5 8C for 35 days and then transferred to 25 8C for 7 days. The skin color of the cold-stored fruit partly changed to dark-brown with surface depression. In addition, desiccated white-corky pulp tissues developed mainly along to the darkbrownish skin. Histological and biochemical analyses revealed that the formation of white-corky pulp tissues was correlated with starch accumulation in the hypodermal cells. Cell wall polymers of the white-corky pulp tissues were characterized by both a lower amount of solubilized pectins and higher amount of hemicelluloses than those of normally ripened (NR) tissues. The highest fatty acid unsaturation was observed in the NR pulps under chilling conditions followed by the white-corky pulp tissues under chilling conditions and the NR tissues without chilling. These results suggested that the disordered membrane caused by chilling inhibited the subsequent cascade of secondary reactions, such as the cell wall degradation. The skin damage derived from chilling injury (CI) is a direct factor inducing abnormal desiccation in the adjacent pulp, resulting in the formation of whitecorky pulp tissues.
Thailand produces more than 3 million t/year of mangoes and exports the fresh fruit to Japan, Malaysia, Indonesia, Singapore, and Hong Kong (Chomchalow and Songkhla, 2008) . Harvested fruit is commonly refrigerated to delay ripening because the storage life is limited to 2-3 weeks in air at 10 to 15°C (Sivakumar et al., 2011) . However, CI often occurs, especially when green mangoes are stored at low temperatures (Singh et al., 2013) . The CI of postharvest mango fruit is characterized by high starch (Chhatpar et al., 1971) and ascorbic acid (Thomas and Joshi, 1988) contents, low sugar (Mohammed and Brecht, 2002) and carotenoid (Thomas and Oke, 1983 ) contents, skin pitting or browning (Chaplin et al., 1991; Thomas and Joshi, 1988; Thomas and Oke, 1983) , and the inhibition of fruit softening (Chaplin et al., 1991; Medlicott et al., 1990) . However, desiccated white-corky pulp tissues, which are similar to those of spongy disorder (SD), were also recently identified along with the damaged skin tissues. SD in mango fruit is known as a ripening disorder which usually occurs in the fruitripening stage (Katrodia, 1988; Sivakumar et al., 2011) . SD is formed on trees (Katrodia, 1988; Lima et al., 2001; Raja, 2009) , especially in fruit with a large size and high gravity (Krishnamurthy, 1980) . In a fruit, SD is more frequently formed near the seed rather than near the skin (Burondkar et al., 2009) . As for the environmental conditions, SD develops frequently under high-temperature conditions (Raja, 2009) .
SD in mango fruit is also characterized by low soluble sugar and high starch accumulations (Chhatpar et al., 1971; Katrodia, 1988; Lima et al., 2001; Vasanthaiah et al., 2006) because of the disturbance of gluconeogenesis (Yashoda et al., 2006) . Some researchers have suggested that the damage of cell membranes derived from lipid peroxidation leads to the formation of SD in mangoes (Janave, 2009; Janave and Sharma, 2008; Shivashankar et al., 2007) . Cell membranes in the pulp tissues at the fruit-ripening stage are oxidized by some factors such as high temperatures (Vasanthaiah et al., 2006) , desiccation due to water movement from the pulp to the seed Shivashankar, 2004, 2006; Shivashankar et al., 2007) , and infection by Staphylococcus xylosus (Janave and Sharma, 2008; Machhindra and Sharma, 2008) .
Therefore, if the damage of cell membranes is the key factor leading to SD, it may also be caused under low-temperature storage conditions because the antioxidant capacities of mango fruit also decrease during cold storage (Ding et al., 2007; Miguel et al., 2011; Shivashankara et al., 2004) , which may result in the disturbance of physiological functions in the cell membranes (Kane et al., 1978) . Chilling sensitivity to the cell membranes in tropical fruit such as mangoes is often shown by the unsaturation of fatty acids (Kane et al., 1978) .
When mango fruit are stored at lower than 10°C, malfunction or disruption of the membrane function takes place and results in CI (Singh et al., 2013; Sivakumar et al., 2011) . Typical physiological changes in chilling-injured pulp tissues are similar to those of SD which are formed on trees at the fruit-ripening stage, i.e., high water loss, high starch accumulation, and a low soluble sugar content (Chaplin et al., 1991; Chhatpar et al., 1971; Gupta and Jain, 2014; Medlicott et al., 1990; Mohammed and Brecht, 2002) .
Histological observation revealed that starch granules in the pulp cells rapidly changed their shape from round at the green mature stage to irregular as the fruit matures and eventually almost disappears at the ripening stage (Simão et al., 2008) . Such a decomposition process of starch granules in mango fruit is also closely associated with rapid fruit softening caused by cell wall depolymerization (Yashoda et al., 2006) .
Immature to mature green mangoes are more sensitive to CI compared with ripe fruit and fail to ripen adequately (Sivakumar et al., 2011) . In addition, the CI symptom primarily appears on the skin as grayscales and pitting, and then eventually appears in the pulp (Lizada, 1991) , indicating that pulp tissues are more tolerant to CI than the skin.
The preapplication of exogenous ethylene has been used to avoid the ripening inhibition, especially when green mangoes are stored at a low temperature (Montalvo et al., 2007) . The preapplication of 2-chloroethylphosphonic acid (ethephon) solution has been commercially used as an alternative method to ethylene treatment because it is decomposed to ethylene in the absorbed plant tissues (Singh and Janes, 2001) .
In our study, green mangoes were stored under low-temperature conditions after being treated with 0.05% ethephon (50 ppm 2-chloroethylphosphonic acid) to determine if chilling disorder also developed in the pulp tissues due to postharvest cold storage.
In addition, soluble sugars, starch, cell wall polysaccharides, and fatty acid unsaturation were compared with those of NR tissues.
Materials and Methods
Plant materials and storage conditions. One-hundred mango (Mangifera indica L. cv. Nam Doc Mai See Thong) fruit were harvested at 120 d after fruit set from an orchard of Chiang Mai, Thailand in June 2011. The fruit were dipped in tap water and floated fruit (64 of 100 fruit), which were in hard-green stage (Saranwong et al., 2004) , were used for the experiment. Half (32) of the fruit were then dipped in 0.05% ethephon which contains 50-ppm 2-chloroethylphosphonic acid for 5 min, kept at 25°C for 3 d, chilled at 5°C for 35 d and then replaced again at 25°C for 7 d to complete fruit ripening. The other half of the fruit were immediately kept at 25°C for 8 d without ethephon treatment to promote normal ripening.
Preparation of pulp tissues for histological and chemical analyses. Each fruit was cut into three pieces longitudinally along the seed for measuring the incidence of spongy tissues, bilateral sections were trisected transversely, and the pulp tissues in the proximal sections were used for histological and chemical analyses. Each tissue sample was taken as follows:
1. Disordered pulp tissue in the chilled fruit (chilled-D). 2. NR tissue adjacent to the chilled-D tissue in the chilled fruit (chilled-NR). 3. NR tissue in the non-chilled fruit (nonchilled).
The chilled-NR tissue was obtained from the inner portion adjacent to the chilled-D tissue (about 5-mm thickness), and the non-chilled tissue was obtained from the portion equivalent to the chilled-NR tissue.
Microscopic observation. About 5-mm cubic samples were taken from the chilled-D and chilled-NR tissues, fixed in 37% formaldehyde:pure acetic acid:pure ethanol: distilled water = 5:5:45:45 (v/v) and then post-fixed in 1% osmium tetroxide, The tissues were dehydrated using a mixedsolution series of t-butanol, ethanol, and water, dried at 5°C using a lyophilizer (JFD-310, JEOL, Tokyo, Japan), and coated with a 10-nm Pt layer by a fine coater (JFC-1200; JEOL, Tokyo, Japan). Surface structures and starch granules of the tissues were examined using a scanning electron microscope (SEM) (TM3000; Hitachi, Tokyo, Japan).
Soluble sugars. Pulp tissues taken from the chilled-D, chilled-NR, and non-chilled fruit were lyophilized at -50°C and powdered in a mill. Then, 150 mg of the powdered sample was extracted by 10 mL of 80% methanol (MeOH) at 80°C for 10 min to inactivate enzymes. The homogenate was centrifuged at 5000 g for 10 min at 5°C, and the supernatant was decanted. The MeOH-insoluble residue was added to 8 mL of 80% MeOH, stirred at 6 rpm for 30 min, and then centrifuged at 5000 g for 10 min at 5°C. This procedure was repeated until soluble sugars were not detected using Highperformance liquid chromatography (HPLC) (Shimazu 18-A, Kyoto, Japan) equipped with a Cosmosil sugar-D packed column (Nacalai Tesque, Kyoto, Japan), as described previously (Nishizawa et al., 2000) .
All of the supernatants were combined and brought to a final volume of 100 mL by adding 80% MeOH, dried by N 2 gas, resuspended in distilled water and then filtered through a 0.2-mm glass filter. Then, 10 mL of the filtrates was injected into the abovementioned HPLC for determining glucose, fructose, and sucrose contents. The MeOH-insoluble residue (AIS) was washed with 3 mL of pure acetone, dried at 60°C using N 2 gas, and used for the analysis of cell wall polysaccharides.
Cell walls. A total of 0.2 g of the powdered sample was used to obtain AIS, as described above. The AIS samples were sequentially extracted with 8 mL of H 2 O (water-soluble fraction), 50-mM trans-1.2-cyclohexanediamine-N,N,N#,N#-tetraacetic acid monohydrate (CDTA) containing 50 mM sodium acetate (pH 4.5) (CDTA-soluble fraction), 25-mM NaBH 4 containing 50-mM Na 2 CO 3 (Na 2 CO 3 -soluble fraction), and 4M KOH (KOH-soluble fraction) by stirring the test tubes at 6 rpm for 6 h. Each homogenate was centrifuged at 5000 g for 10 min at 5°C after each extraction. The supernatant was then neutralized, dialyzed against distilled water at 20°C for 48 h using 6000-8000 MW cut-off dialysis membrane (Spectrum Laboratories, Rancho Dominguez, CA), and brought to 25-mL with distilled water (Nishizawa and Ito, 2007) . The content of uronic acids (UA) and neutral sugars (NS) in each fraction was determined by the mhydroxydiphenyl (Blumenkrantz and AsboeHansen, 1973 ) and phenol-sulfuric acid (Dubois et al., 1956 ) methods, respectively.
A 5 mL of each fraction was then boiled at 100°C for 1 h, cooled in iced water, added to 6 mL of amyloglucosidase (EC 3.2.1.3. 8 unit/mL: Wako Pure Chemical, Osaka, Japan) in 1-M acetic acid buffer (pH 4.5), and incubated at 55°C for 2 h. The homogenate was then centrifuged at 5000 g for 10 min at 5°C, and the glucose content in the supernatant was measured by the glucose oxidase method for evaluating starch content in each fraction (Nishizawa et al., 2002) . The starch content subtracted from AIS was regarded as the crude cell wall materials (CWM), and cell wall content in each fraction was shown as an amount per CWM.
Fatty acids. Fatty acids were analyzed using the method of Prates et al., (2011) with some modifications. A 20-mg powdered sample was taken from the three abovementioned pulp tissues and methylated using a methylation kit of fatty acids (Nacalai Tesque, Kyoto, Japan). A total of 1 ml of the methylated fatty acids was analyzed by a gas chromatograph (GC-18A; Shimadzu, Kyoto, Japan) equipped with a flame ionization detector and a 0.53-mm · 1-mm · 30-m (external diameter · internal diameter · length) capillary column (Fused silica mega-bore Column DB-225; Agilent Technologies J&W, CA). The temperature of both the injector and detector was kept at 220°C. The oven was programmed as follows: 150°C for 3 min followed by 7.5°C · min to 190°C, which was then maintained. The total analytical time was about 90 min. Fatty acids were identified by comparison with the retention time of authentic standards (F.A.M.E. Mix C8-C24, Supelco, PA).
Membrane lipid unsaturation is often shown as the double bound index (DBI), which is calculated as follows (Zhang and Tian, 2009 ):
Statistical analysis. Data were subjected to an analysis of variance and the multicomparison of means was assessed by Tukey's Honestly Significant Difference Test at P < 0.05 using SAS for windows (version 6.12; SAS system, Cary, NC).
Results and Discussion
Symptom of CI. Non-chilled fruit ripened normally with yellow pulp and skin ( Fig. 1A  and B) , whereas chilled fruit partially showed a dark-brownish skin color and surface depression, which were reported as typical symptoms of CI previously (Fig. 1C and D ) (Gonz alez-Aguilar et al., 2000; Han et al., 2006; Kane et al., 1982; Pesis et al., 2000; Singh et al., 2013) . In addition, white-corky pulps that were similar symptom to SD also developed along with the injured skin ( Fig. 1C and D) . Such a desiccated whitecorky pulp tissue was not found at the end of cold storage (data not shown) indicating that the CI rapidly developed after transferring the fruit from chilling to 25°C.
SD on trees is characterized by desiccated white-corky tissues (Katrodia, 1988) , and such desiccation of pulp tissues at the fruitripening stage mainly occurs around the seed (Burondkar et al., 2009) , probably because of water movement from the pulp to the seed Shivashankar, 2004, 2006; Shivashankar et al., 2007) .
In the chilled fruit, however, white-corky tissue developed near the fruit surface along the dark-brownish skin, which was also associated with surface depression (Fig. 1C  and D) . SEM showed that the injury was | POSTHARVEST BIOLOGY AND TECHNOLOGY characterized by a wavy form involving cavities (Fig. 1E) .
Young mango skin is more sensitive to CI (Singh et al., 2013; Sivakumar et al., 2011) , and ion leakage from the pulp increases as the period of cold storage lengthens (Gonz alezAguilar et al., 2000) because of membrane disintegration through lipid peroxidation (Sivakumar et al., 2011; Wang et al., 2008) , which will result in water loss from the fruit surface. Therefore, water in the pulp adjacent to the skin would be lost through the damaged skin because of the chilling temperature, resulting in the formation of an irregular pulp structure (Fig.  1E ) and surface depression (Fig. 1C) .
Changes in soluble sugars and starch. High starch and low soluble sugar accumulations have been reported in both spongy disordered (Katrodia, 1988; Lima et al., 2001 ) and chilling-injured (Chhatpar et al., 1971; Singh et al., 2013) mango fruits because of inhibition of the solubilization of starch granules into glucose (Simão et al., 2008) . In our experiment, SEM showed that all of the non-chilled fruit contained almost no starch granules ( Fig. 2A) . In the chilled-D tissues, however, most of the chilling-injured tissues contained many starch granules (Fig. 2B) . This was also true for the soluble sugar content; the chilled-D tissue showed the lowest content among the three different tissues although both glucose and sucrose contents were nonsignificant (Table 1) . These results indicate that the accumulation of soluble sugars was inhibited due to the reduced starch breakdown under chilling conditions (Rahman et al., 2011; Thinh et al., 2013) .
Changes in the content of cell wall polysaccharides. Fruit ripening of mangoes after harvest is highly correlated with pectindegrading enzymes such as exo-and endopolygalacturonase, pectin methylesterase, and endo-1,4-b-D-glucanase, which are also often activated by ethylene, resulting in fruit softening (Zaharah and Singh, 2011) . Therefore, if desiccated white-corky pulp tissues are formed by the inhibition of normal ripening through the inhibition of ethylene action and/or biosynthesis (Nagamani et al., 2010) , it will also involve compositional changes in the primary cell walls (Chourasia et al., 2006; Han et al., 2006 ).
In our experiment, a significant difference in the content of cell wall polysaccharides was observed only between the chilled-D and other two tissues (Table 2) . Among each fraction, both UA and total cell wall (sum of UA and NS) contents of the chilled-D in the KOH-soluble fractions were significantly higher than those in the other two tissues whereas those in the water-soluble fractions were vice versa. The patterns of noncellulosic polysaccharide contents in the Na 2 CO 3 -soluble fractions were similar to those of the KOHsoluble fractions, but no significant difference was observed among the three different pulp tissues. Cell wall polymers in the water-, 50 mM CDTA-, and 50 mM Na 2 CO 3 -soluble fractions are considered as soluble, ionically-bound, and covalently bound pectins, respectively, whereas those in the KOH-soluble fraction are considered as hemicelluloses (Rose et al., The measurements were taken after 35 d at 5°C plus 7 d at 25°C in the chilled fruit, and 8 d at 25°C in the non-chilled fruit. NS, * Nonsignificant or significant at P < 0.05, respectively. 1998). In normally ripening mango fruit, an apparent decrease in the cell wall polymers is often observed in the ionically and covalently bound pectin fractions rather than hemicelluloses (Chourasia et al., 2006; Mitcham and McDonald, 1992) . In our experiment, however, the difference among the three different pulp tissues was more apparent in the hemicelluloses rather than the pectins, suggesting that the inhibition of cell wall degradation might be more pronounced in hemicelluloses when the white-corky pulp tissues are formed by CI. Total amounts of UA and NS did not differ significantly among the three different pulp tissues (Table 2) as reported in ripening mango fruit (Mitcham and McDonald, 1992) indicating that the formation of white-corky pulp tissues was not associated with the total amount of noncellulosic cell wall polysaccharides.
Changes in fatty acid unsaturation. Damage of the cell membrane caused by oxidative stress such as active oxygen has been recognized as a factor inducing CI (Ding et al., 2007; Wang et al., 2008) . Chilling in mangoes affects the formation of reactive oxygen species (ROS), such as the superoxide anion (O 2 -) and hydrogen peroxide (H 2 O 2 ) (Wang et al., 2008) . The ROS scavenging system incorporates both nonenzymatic and enzymatic mechanisms (Ding et al., 2007) . Nonenzymatic compounds include ascorbate, glutathione, tocopherol, flavonoids, alkaloids, and carotenoids. The enzymatic scavenging mechanism includes superoxide dismutase (SOD), catalase (CAT), guaiacol peroxidase (POD), and ascorbate peroxidase (APX). SOD dismutates O 2 -to H 2 O 2 , then CAT, POD, and APX detoxify H 2 O 2 . These results suggest that fatty acid compositions might be changed between white-corky pulp and NR pulp tissues because of oxidative stress, which is caused by CI (Kane et al., 1982) .
In some horticultural crops, both fatty acid unsaturation and membrane permeability increase at lower temperatures as a response to chilling stress to prevent CI (Antunes and Sfakiotakis, 2008; Forney, 1990; Shewfelt and del Rosario, 2000) . In our experiment, eight fatty acids were found by GC analysis (Table 3) , as reported previously in ripening mangoes (Bandyopadhyay and Gholap, 1973) . Among them, three fatty acids, palmitic acid (C16:0), oleic acid (C18:1), and linolenic acid (C18:3), were the main components (20.7% to 34.0%), followed by linoleic acid (18:2) and stealic acid (18:0) (2.5% to 17.4%). The other minor fatty acids were palmitoleic acid (16:1), lauric acid (C12:0), and myristic acid (C14:0), which were 7.0% to 13.5% in total.
The disordered membrane functions that were derived from CI would result in the disturbance of the cascades of secondary reactions, such as sugar metabolism and cell wall depolymerization (Zhang and Tian, 2009) .
Membrane lipid unsaturation is often shown as the DBI (Zhang and Tian, 2009 ). In our experiment, a significant difference was observed in DBI among the three different pulp tissues, and the chilled-NR tissue showed the highest value (2.05) followed by the chilled-D (1.56) and non-chilled tissues (1.07), respectively (Table 3 ). The chilled-NR tissue was taken from the inner portion adjacent to the chilled-D tissue. Therefore, the inner pulps might respond well to chilling temperatures and increased DBI, whereas the pulp near the skin did not increase the fatty acid unsaturation probably because of marked desiccation through rapidly damaged skin, resulting in a lower DBI.
Conclusions
Desiccated white-corky pulp tissues developed as the result of CI when ethephontreated 'Nam Doc Mai See Thong' green mangoes were chilled at 5°C for 35 d followed by incubation at 25°C for 7 d. The chillinginjured pulp tissues were characterized by the insolubilization of cell walls. The skin damage derived from CI will be a direct factor inducing abnormal desiccation in the adjacent pulp, resulting in the formation of white-corky pulp tissues along the skin. Plant extracts (Gupta and Jain, 2014) , 2-4-dichlorophenoxy acetic acid (Wang et al., 2008) , methyl jasmonate (Gonz alez-Aguilar et al., 2000), polyamines (Nair and Singh, 2004) , salicylic acid, and oxalic acid (Ding et al., 2007) , hot water and heat treatments (Jacobi and Wong, 1992; McCollum et al., 1993; Nair et al., 2001) , and CA storage (Pesis et al., 2000) have been reported to reduce CI in mango fruit. Therefore, these techniques should be adopted in future studies to confirm whether they can also prevent the formation of white-corky pulp tissues under chilling storage conditions. The measurements were taken after 35 d at 5°C plus 7 d at 25°C in the chilled fruit, and 8 d at 25°C in the non-chilled fruit. NS, * Nonsignificant or significant at P < 0.05, respectively. ** Data are presented as means (n = 5). Values followed by the same letter do not differ significantly (P < 0.05) among tissues according to Tukey's test. The measurements were taken after 35 d at 5°C plus 7 d at 25°C in the chilled fruit, and 8 d at 25°C in the non-chilled fruit. z The measurements were taken after 35 d at 5°C plus 7 d at 25°C in the chilled fruit, and 8 d at 25°C in the non-chilled fruit. NS, ** Nonsignificant or significant at P < 0.01, respectively.
